Abstract
Introduction

44
The olfactory bulb is the primary neural circuit for olfactory information processing contribute to the processing of olfactory information (Shepherd et al. 2004 ).
50
Characteristically, the mitral cell, which is the principle neuron in the olfactory bulb,
51
forms reciprocal dendro-dendritic synapses with the granule cells, which are 52 interneurons in the olfactory bulb (Rall and Shepherd 1968) . These interactions are 
92
In the present study, we examined the neuromodulatory effect of DA on the teleost 93 olfactory bulbar neural circuits using the goldfish, which is suitable for the In vitro field potential recording from the olfactory bulb 145 The detailed procedure for recording has been described in Kawai et al. (2010) .
146
Briefly, after the goldfish was anesthetized on ice and decapitated, the brain was 147 dissected out. The olfactory tract was hooked on bipolar silver-wire electrodes for 148 stimulation, and a glass recording electrode (tip diameter ≈ 50 μm) filled with 0.1 % 149 agar in 2 M NaCl was inserted to the depth of about 350 -450 µm in the olfactory 150 bulb. Glass recording electrodes were made of borosilicate glass (G-1.5, Narishige,
151
Tokyo, Japan) using a Brown-Flaming micropipette puller (P-97; Sutter Instruments,
152
Navato, CA). The olfactory bulb was perfused at a rate of 1.5 -2.0 ml/ min with an 153 artificial cerebrospinal fluid (ACSF) containing (mM): 125 NaCl, 2. 
156
For the electrical stimulation, electrical shocks were delivered using an electronic 157 stimulator (SEN-3301, Nihon Kohden, Tokyo, Japan) through an isolation unit
158
(SS-201J, Nihon Kohden, Tokyo, Japan). Electrical stimuli of 0.1 -0.2 ms pulses at 159 0.5 -1 mA were delivered every 1 min. We also conducted paired-pulse by an AC amplifier (AVH-11, Nihon Kohden, Tokyo, Japan) with 0.08 Hz -3 kHz 164 cut-off frequencies, and the data were sampled at 6 kHz using the Digidata 1322A 165 and pCLAMP8.2 software (Molecular Devices, Sunnyvale, CA). After the animals were anesthetized on ice, the olfactory epithelium was 170 exposed by removing the tissue covering the nasal capsule. The animals were 171 decapitated, and skulls over the brains were carefully removed using a dental drill.
172
Then, all the structures caudal to the telencephalon were removed, and an intact 173 preparation of the olfactory system was obtained. To examine the modulatory effect 174 of DA on odorant response in the olfactory bulb, we applied odorant stimulation to 175 the olfactory epithelium. We used NaCl as an odorant stimulus because this 176 chemical substance has generally been recognized as an odorant in the fish olfactory system. The application of NaCl is known to efficiently evoke synchronized 178 olfactory response in the olfactory bulb whose frequency is almost the same as the for 5 sec using an electronically controlled solenoid valve at every 3 min intervals.
184
A glass electrode filled with 0.1 % agar in 2 M NaCl was inserted to the depth 185 of 350 -450 µm from the dorsal surface of the olfactory bulb. Using a gravity-fed 186 system, the olfactory bulb was perfused at a rate of 1.5 -2.0 ml/ min with ACSF 187 containing (mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2.4 CaCl 2 , 1.3 MgCl 2 , 26 188 NaHCO 3 and 10 glucose (pH 7.4). The ACSF was bubbled with a mixture of 95 %
189
O 2 and 5 % CO 2 .
190
The odorant response of the olfactory bulb was amplified using a conventional
191
AC amplifier (AVH-11, Nihon Kohden, Tokyo, Japan) with 0.08 Hz -3 kHz cut-off 192 frequencies, and the data were sampled at 10 kHz using the Digidata 1322A and 
Statistical analyses
242
Statistical analyses were performed with Kyplot software (version 3, Kyence, Tokyo, 243 Japan). We examined whether it met the equal variance conditions for every analysis.
244
If so, we used Student's t-test for statistics, and if not, we used Welch's t-test. All the 245 data in this study are represented as means ± s.e.m. For the multiple comparison 246 (Fig. 6E, Fig. 8E ), we used Dunnett's test. 
Results
257
Distributions of DA neurons in the goldfish olfactory bulbar neural circuits 258 As has been reported in the other teleost species (Byrd and Brunjes 1995), we 259 observed abundant TH immunoreactive fibers and cell bodies in the goldfish 260 olfactory bulb (Fig. 1A) . TH immunoreactive cell bodies were distributed mainly in 261 the mitral cell layer (Fig. 1B, E) , and most of them were bipolar neurons and had 262 spherical cell bodies (8 -12μm in diameter). They were distinct from the mitral cells 263 in their size (10 -20 μm in diameter) and morphology (Oka 1983 ). Furthermore, the 264 internal cell layer also contained a small number of TH immunoreactive neurons 265 (Fig. 1C, E) . Notably, we could observe dense staining in the glomerular layer (Fig. 266 1B, the area between the dotted lines), possibly reflecting the population of fine 267 processes that originate from the dendrites of DA neurons.
268
To examine the relationship of these TH immunoreactive processes with the 269 olfactory nerve terminals, we labeled the olfactory nerve terminals by anterograde 270 transport of biocytin from the olfactory epithelium (Fig. 1D ). We found that TH an EC 50 of 18.4 μM (Fig. 2 F) .
306
To determine whether the DA-induced decrease in C2 is derived from the paired-pulse ratio (increased by 18.9 % ± 5.0 %, before 10 min vs during 10 min 313 application of DA, n = 6). The time course of the changes in paired-pulse ratio was 314 similar to that of the C2 wave amplitude (Fig. 3B) . 
DA application suppresses the activities of olfactory bulbar neural circuits
331
We then examined the functional role of DA in the goldfish olfactory bulb. We 332 found that the bath application of DA (50 μM) suppressed the spontaneous activities 333 of the olfactory bulbar neural circuits when no chemical stimulation was applied to 334 the olfactory epithelium (Fig. 6A , E black bar; decreased by 37.7 ± 5.2 %, n = 6).
335
The effect of DA was reversible (Fig. 6B) . The power spectrum of the spontaneous 336 olfactory bulbar activity also suggested that DA suppressed the spontaneous 337 activities (Fig. 6C) . Suppression of the spontaneous olfactory bulbar neuronal (Fig. 7A, B) . By evaluating the 350 frequencies at which the peaks of the power spectra were observed, we determined least affected by the application of gabazine (Fig.7 C, D) , suggesting that the 358 reciprocal synapse is not important for the spontaneous activities. by stimulating the olfactory nerve layers (Fig.9 A, B) . As expected, excitatory 
